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1
ION BEAM LINE

BACKGROUND

The present teachings relate generally to ion implantation
systems and methods, including systems and methods for
adjusting the current density of a ribbon ion beam to enhance
its profile uniformity.

Ion implantation techniques have been employed for more
than thirty years to implant ions in semiconductors for fabri-
cating integrated circuits. Traditionally, three types of ion
implanters are employed for such ion implantation: a
medium-current, a high-current and a high-energy implanter.
The ion sources incorporated in high current implanters typi-
cally include extraction apertures in the form of slots having
high aspect ratios in order to ameliorate the effects of space
charge. A one-dimensional ion beam extracted from such an
ion source can be focused into an elliptical profile to produce
a substantially round beam profile at a wafer on which the
beam is incident.

Some recent commercial high-current ion implanters
impinge a so-called ribbon ion beam, which exhibits a nomi-
nally one-dimensional profile, onto a wafer to implant ions
therein. The use of such a ribbon ion beam offers several
advantages for wafer processing. For example, the ribbon ion
beam can have a long dimension exceeding the wafer’s diam-
eter and hence can be held stationary as the wafer is scanned
only in one dimension orthogonal to the propagation direc-
tion of the ion beam to implant ions across the entire wafer.
Further, aribbon ion beam can allow for a higher current at the
wafer.

The use of a ribbon ion beam for ion implantation poses,
however, a number of challenges. By way of example, a high
uniformity of the longitudinal profile of the ion beam is
required to obtain an acceptable dose uniformity of the
implanted ions. As the wafer sizes increase (e.g., as the next
generation 450-mm wafers replace the current predominantly
300-mm wafers), it becomes more challenging to achieve an
acceptable longitudinal uniformity of a ribbon ion beam uti-
lized for processing the wafers.

In some conventional ion implantation systems, corrector
optics are incorporated into the ion beam line to alter the
charge density of the ion beam during ion beam transport.
This approach is not, however, generally capable of creating
sufficient ion beam uniformity, if the ion beam profile exhibits
high non-uniformity upon extraction from the ion source, or
due to aberrations induced by space charge loading or by
beam transport optics.

Accordingly, there is a need for improved systems and
methods for ion implantation, including enhanced systems
and methods for generating ribbon ion beams with desired
energies and a high degree of profile uniformity.

SUMMARY

In one aspect, a system for changing an energy of a ribbon
ion beam is disclosed, which comprises a corrector device
configured to receive a ribbon ion beam and to adjust a current
density profile of the ion beam along a longitudinal dimen-
sion thereof, at least one deceleration/acceleration element
defining a deceleration/acceleration region for decelerating
or accelerating the ion beam as the ion beam passes there-
through, a focusing lens for reducing divergence of the ion
beam along a transverse dimension thereof, and an electro-
static bend disposed downstream of said deceleration/accel-
eration region to cause a deflection of the ion beam.
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In some embodiments, the corrector device can include a
plurality of spaced electrode pairs stacked along the longitu-
dinal dimension of the ion beam with the electrodes of each
pair spaced apart to form a gap for passage of the ion beam
therethrough, wherein the electrode pairs are configured to be
individually biasable by application of electrostatic voltages
thereto for locally deflecting the ion beam along said longi-
tudinal dimension. A variety of different electrode types can
be employed. In some embodiments, the electrode pairs can
include plate electrodes disposed substantially parallel or
perpendicular to a plane formed by a propagation direction of
the ion beam and a transverse dimension thereof. The system
can further include at least one voltage source for applying
said electrostatic voltages to said electrode pairs of the cor-
rector device.

A controller in communication with said at least one volt-
age source can control the application of the electrostatic
voltages to said electrode pairs. By way of example, the
controller can be configured to instruct the voltage source to
apply electrostatic voltages to the electrode pairs to locally
deflect at least a portion of the ion beam so as to enhance the
uniformity of the current density profile along the longitudi-
nal dimension of the ion beam.

The controller can be configured to determine the electro-
static voltages for application to the electrode pairs of the
corrector device based on a measured current density profile
of the ion beam, e.g., after passing through the analyzer
magnet or near the plane of a substrate on which the beam is
incident.

In some embodiments, the controller is configured to apply
temporally varying voltages to the electrode pairs of the cor-
rector device. For example, the controller can be configured
to temporally change electric voltages applied to the electrode
pairs of the corrector device so as to cause oscillating motion
of'the ion beam along the longitudinal dimension. Such oscil-
lating motion of the ion beam can exhibit, for example, an
amplitude equal to or less than about 20 mm, e.g., in a range
of about 10 mm to about 20 mm. By way of example, the
frequency of the oscillation can be in a range of about 1 Hz to
about 1 kHz.

The focusing lens can include at least one focusing ele-
ment, e.g., a pair of opposed electrodes spaced to form a gap
for receiving the ion beam. Further, the deceleration/accel-
eration element can include a pair of electrodes spaced to
form a transverse gap for receiving the ion beam. The focus-
ing element and the deceleration/acceleration element can be
disposed relative to one another to form a gap therebetween
and can be maintained at different electric potentials such that
a passage of the ions through said gap causes deceleration or
acceleration of the ions.

In some embodiments, at least one of the focusing elec-
trodes can comprise a curved upstream end face configured to
reduce divergence of the ion beam along its longitudinal
dimension. For example, the upstream end face of the focus-
ing electrode can be concave with a radius of curvature in a
range of about 1 m to about 10 m.

In some embodiments, the at least one deceleration/accel-
eration element is disposed downstream of said corrector
device and said at least one focusing element is disposed
downstream of the deceleration/acceleration element.

The focusing element can be disposed relative to the elec-
trostatic bend to form a gap therewith, wherein said focusing
element and the electrostatic bend are held at different electric
potentials to generate an electric field in the gap adapted to
reduce divergence of the ion beam along said transverse
dimension.
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In some embodiments, the electrostatic bend comprises an
inner electrode and an opposed outer electrode held at difter-
ent electric potentials so as to cause a deflection of the ion
beam. The electrostatic bend can further include an interme-
diate electrode disposed downstream of said inner electrode
and opposed to said outer electrode, wherein said inner elec-
trode and said intermediate electrodes are configured for
application of independent electric potentials thereto. In
some cases, the outer electrode and the intermediate electrode
can be held at the same electric potential.

In some embodiments, the outer electrode of the electro-
static bend includes an upstream portion and a downstream
portion disposed at an angle relative to one another such that
said downstream portion is capable of capturing at least a
portion of neutral species present in the ion beam. The
upstream and the downstream portions can integrally form
the outer electrode, or they can be separate pieces that are
electrically coupled.

In some embodiments, the system can further include
another corrector device disposed downstream of said elec-
trostatic bend, said another corrector device being configured
to adjust a current density profile of the ion beam along said
longitudinal dimension. In some embodiments, this down-
stream corrector device can include a plurality of spaced
electrode pairs stacked along the longitudinal dimension of
the ion beam with the electrodes of each pair spaced apart to
form a gap for passage of the ion beam therethrough, wherein
said electrode pairs are configured to be individually biasable
by application of electrostatic voltages thereto for locally
deflecting the ion beam along said longitudinal dimension.

In some embodiments, the electrode pairs of said corrector
devices are staggered relative to one another along the longi-
tudinal dimension ofthe ion beam. For example, the electrode
pairs of the downstream corrector device can be offset verti-
cally (along the longitudinal dimension of the beam) relative
to the respective electrode pairs of the upstream corrector
device, e.g., by half of the longitudinal height of the elec-
trodes of the corrector devices (half the pixel size).

In some embodiments, the system can further include
another focusing lens (herein also referred to as a second
focusing lens) that is disposed downstream of said another
corrector device for reducing divergence of the ion beam
along said transverse dimension. Further, in some cases, an
electrically grounded element can be disposed downstream of
said another focusing lens. The electrically grounded element
can include, e.g., a pair of electrically grounded electrodes
that are spaced apart to allow the passage of the ion beam
therebetween. The second focusing lens can include at least
one focusing element disposed relative to said grounded ele-
ment to form a gap therewith, wherein an electric potential
difference between the focusing element and the grounded
element generates an electric field in the gap for reducing
divergence of the ion beam along the transverse dimension.

In other aspects, a system for decelerating a ribbon ion
beam is disclosed, which comprises at least one deceleration
element defining a region for receiving the ribbon ion beam
and decelerating ions thereof, at least a pair of deflecting
electrodes spaced apart to receive said decelerated ion beam
therebetween and to cause a deflection thereof, and a correc-
tor device configured to provide a channel for passage of said
deflected ion beam and to adjust a current density profile of
the ion beam in a non-dispersive plane.

In some embodiments, the corrector device can include a
plurality of spaced electrode pairs stacked along a longitudi-
nal dimension of the ion beam with the electrodes of each pair
spaced apart to form a gap for passage of the ion beam
therethrough, wherein said electrode pairs are configured to

10

30

40

45

4

be individually biasable by application of electrostatic volt-
ages thereto for locally deflecting the ion beam along said
longitudinal dimension. In some embodiments, the plurality
of spaced electrode pairs can include an inner and an outer
opposed electrodes and an intermediate electrode disposed
downstream of said inner electrode and opposed to said outer
electrode, wherein said outer, said inner and said intermediate
electrodes are configured to be held at independent electrical
potentials. By way of example, the inner and the outer elec-
trodes can be held at different electric potentials so as to cause
deflection of the ion beam while the outer and the intermedi-
ate electrodes are held at the same electric potential. The outer
electrode can include an upstream portion and a downstream
portion, wherein said downstream portion is disposed at an
angle relative to the upstream portion so as to capture neutral
species present in said ion beam. In some embodiments, the
upstream portion and the downstream portion of the outer
electrode integrally form said outer electrode.

The system can further include at least one voltage source
for applying the electrostatic voltages to said electrode pairs
of the corrector device. A controller in communication with
said at least one voltage source can be provided for adjusting
voltages applied to said electrode pairs of the corrector
device. By way of example, the controller can determine
voltages for application to said electrode pairs of the corrector
device based, e.g., on a measured current density profile of
said received ion beam.

The system can further include a focusing lens configured
to reduce divergence of the ion beam along a transverse
dimension thereof. The focusing lens can include at least one
focusing element, e.g., a pair of electrodes spaced to allow the
passage of an ion beam therebetween. In some embodiments,
an electrically grounded element, e.g., a pair of spaced elec-
trodes, is disposed downstream of the focusing element. The
electrically grounded element can be disposed relative to the
focusing element to form a gap therebetween. The grounded
element and the focusing element can be held at different
electric potentials for generating an electric field in said gap
adapted to reduce divergence of the ion beam along said
transverse dimension.

In another aspect, an ion implantation system is disclosed,
which comprises an ion source adapted to generate a ribbon
ion beam, an analyzer magnet for receiving the ribbon ion
beam and generating a mass-selected ribbon ion beam, and a
corrector system configured to receive the mass-selected rib-
bon ion beam and to adjust a current density profile of the ion
beam along its longitudinal dimension to generate an output
ribbon ion beam having a substantially uniform current den-
sity profile along said longitudinal dimension.

In some embodiments, the corrector system can be further
configured to decelerate or accelerate ions of said received
mass-selected ion beam so as to generate a decelerated/accel-
erated output ribbon ion beam having a substantially uniform
current density profile along said longitudinal dimension. In
some embodiments, the output ribbon ion beam exhibits a
current density profile along said longitudinal dimension with
a root-mean-square (RMS) deviation, or non-uniformity, of
equal to or less than about 5%. For example, the outputribbon
ion beam can exhibit a current density profile along said
longitudinal dimension with an RMS deviation, or non-uni-
formity, of equal to or less than about 4%, or equal to or less
than about 3%, or equal to or less than about 2%, or equal to
or less than about 1%.

In some embodiments, the corrector system in the above
ion implantation system can further include a focusing lens
for reducing divergence of the ribbon ion beam along a trans-
verse dimension thereof. Further, in some embodiments, the
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corrector system can be configured to remove at least a por-
tion of neutral species, such as neutral atoms and/or mol-
ecules, present in said mass-selected ion beam. For example,
the corrector system can include an electrostatic bend for
changing a propagation direction of ions in the ion beam with
the neutral species continuing to propagate along their propa-
gation direction to be captured by a beam stop, e.g., a portion
of an outer electrode of the electrostatic bend.

The ion implantation system can further include an end-
station for holding a substrate, e.g., a wafer, wherein said
output ribbon ion beam propagates to said end-station to be
incident on said substrate. In some embodiments, the correc-
tor system can be configured to adjust a propagation direction
of the ion beam such that said output ribbon ion beam is
incident on a surface of the substrate along a direction form-
ing a desired angle, e.g., a 90-degree angle, with the substrate
surface.

In some embodiments, the corrector system of the ion
implantation system can cause an oscillating motion of the
ion beam so as to improve dose uniformity of ions implanted
by said output ribbon beam in said substrate.

In some embodiments, the corrector system of the ion
implantation system can include at least one corrector device
for adjusting a current density profile of the ion beam along
said longitudinal dimension. Such a corrector device can
include, for example, a plurality of spaced electrode pairs
stacked along the longitudinal dimension of the ion beam
with the electrodes of each pair spaced apart to form a gap for
passage of the ion beam therethrough, wherein said electrode
pairs are configured to be individually biasable by application
of electrostatic voltages thereto for locally deflecting the ion
beam in the non-dispersive plane. The ion implantation sys-
tem can also include at least one voltage source for applica-
tion of voltages to said electrode pairs of the corrector device
and a controller in communication with said at least one
voltage source for adjusting said voltages applied to the elec-
trode pairs.

In some aspect, a method for changing an energy of a
ribbon ion beam is disclosed, which comprises passing a
ribbon ion beam through a region in which an electric field is
present for decelerating or accelerating ions of the beam,
adjusting a current density profile of the ribbon beam along a
longitudinal dimension thereof, and reducing divergence of
the ribbon ion beam along a transverse dimension thereof.
The step of reducing divergence of the ion beam can include
passing the ion beam through a focusing lens.

In some embodiments, the ribbon ion beam can have an
initial energy in a range of about 10 to about 100 keV. In some
embodiments, the step of decelerating or accelerating the ions
of'the ion beam changes an energy of the ion beam by a factor
in a range of about 1 to about 30.

The step of adjusting a current density profile of the ion
beam along its longitudinal dimension can include utilizing a
corrector device adapted for locally deflecting the beam along
said longitudinal dimension so as to generate a substantially
uniform current density profile along said longitudinal
dimension.

In some aspect, a method of implanting ions in a substrate
is disclosed, which comprises extracting a ribbon ion beam
from an ion source, passing the ribbon ion beam through an
analyzer magnet to generate a mass-selected ribbon ion beam,
adjusting a current density profile of the mass-selected ribbon
ion beam along at least a longitudinal dimension thereof to
generate an output ribbon ion beam having a substantially
uniform current density profile along the longitudinal dimen-
sion, and directing said output ribbon ion beam onto a sub-
strate for implanting ions therein.
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In some embodiments, a corrector device can be config-
ured to perform said step of adjusting the current density
profile of the mass-selected ribbon ion beam. By way of
example, a corrector device can adjust the current density
profile of the mass-selected ribbon ion beam so as to obtain an
ion beam exhibiting a substantially uniform current density
profile.

In some embodiments, the ion implantation method can
further include decelerating or accelerating ions of the said
mass-selected ribbon ion beam such that said output ribbon
ion beam has an energy different than an energy of said
mass-selected ribbon ion beam.

In some embodiments, the implanted ion dose can be in a
range of about 10'? cm™2 to about 10'® cm~2. The ion current
can be, for example, a few tens of microamperes (e.g., 20
microamperes) to a few tens of milliamperes (e.g., 60 milli-
amperes), e.g., in a range of about 50 microamperes to about
50 milliamperes, or in a range of about 2 milliamperes to
about 50 milliamperes.

Further understanding of various aspects of the present
teachings can be obtained by reference to the following
detailed description in conjunction with the associated draw-
ings, which are described briefly below.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 schematically depicts a ribbon ion beam,

FIG. 2A schematically depicts an ion implantation system
in accordance with an embodiment of the present teachings,

FIG. 2B schematically depicts a corrector system accord-
ing to an embodiment of the present teachings employed in
the ion implantation system of FIG. 2A,

FIG. 2C is a schematic side cross-section view of a portion
of the corrector system shown in FIG. 2B,

FIG. 3A is a partial schematic view of an ion source for
generating a ribbon ion beam,

FIG. 3B is another partial schematic view of the ion source
of FIG. 3A,

FIG. 3C is another partial schematic view of the ion source
of FIGS. 3A and 3B,

FIG. 4 depicts a current profile of an exemplary ribbon ion
beam generated by an ion source based on the ion source
described below in connection with FIGS. 3A-3B,

FIG. 5 schematically depicts a corrector system suitable for
use in an embodiment of the present teachings,

FIG. 6 schematically depicts a ribbon ion beam passing
through a corrector device according to an embodiment of the
present teachings,

FIG. 7A schematically depicts a ribbon ion beam passing
through a corrector device according to an embodiment of the
present teachings, which is configured to apply transverse
electric field to at least a portion of the ion beam,

FIG. 7B schematically depicts a ribbon ion beam passing
through a corrector device according to an embodiment of the
present teachings, which is configured to apply a longitudinal
electric field to the beam for causing a deflection thereof,

FIG. 7C schematically depicts a ramp voltage for applica-
tion to the electrode pairs of the corrector device depicts in
FIG. 7B,

FIG. 8A schematically depicts a ribbon ion beam passing
through a corrector device according to an embodiment of the
present teachings, which is configured to cause a longitudinal
oscillating motion of the beam,

FIG. 8B schematically depicts a triangular voltage wave-
form for application to the electrode pairs of the corrector
device depicts in FIG. 8A,
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FIG. 9 is a partial schematic view of the ion implantation
system shown in FIGS. 2A, 2B, and 2C, further depicting a
beam profiler for measuring a current profile of a beam,

FIG. 10A depicts a simulated current profile of uncorrected
ribbon ion beam as a function of height,

FIG. 10B shows exemplary voltages that can be applied to
the electrode pairs of one of the corrective devices of the ion
implantation system shown in FIGS. 2A, 2B, and 2C to pro-
vide a coarse correction of the beam profile shown in FIG.
10A, as well as the simulated profile of a partially corrected
beam obtained via such coarse correction, and

FIG. 10C shows exemplary voltages that can applied to the
electrode pairs of another corrector device of the ion implan-
tation system shown in FIGS. 2A, 2B, and 2C to improve the
uniformity of the partially corrected beam depicted in FIG.
10B, as well as the simulated profile a corrected beam
obtained in this manner.

DETAILED DESCRIPTION

In some aspects, the present teachings are directed to anion
implantation system (herein also referred to as an ion
implanter) that includes an ion source for generating a ribbon
ion beam and a corrector system for ensuring that the ribbon
ion beam exhibits, at a substrate on which the beam is inci-
dent, a substantially uniform current density profile at least
along its longitudinal dimension. In some cases, the corrector
system as well as other optics in the line beam of the ion
implantation system can be employed to substantially pre-
serve (e.g., within about 5% or better) the profile of a ribbon
ion beam extracted from an ion source as the ion beam is
transported to a substrate for implanting ions therein.

In some embodiments, the ion implantation system accord-
ing to the present teachings includes a beam line having two
stages: a beam injector stage followed by a beam correction
stage that can also optionally include a mechanism for decel-
erating or accelerating the ion beam. The injector stage can
include beam generation and mass selection. In some
embodiments, the beam correction stage can include correc-
tor arrays as well as deceleration/acceleration optics. In some
embodiments, the beam line is configurable for implanting
ions in either 300-mm substrates (e.g., via a ribbon ion beam
that is approximately 350-mm tall) or 450-mm substrates
(e.g., via a ribbon ion beam that is approximately 500-mm
tall). For example, the beam line can include a replaceable ion
optics configuration kit for accommodating different sub-
strate sizes. The ion optics configuration kit can include, for
example, an extraction electrode for extracting an ion beam
from a source, corrector arrays, deceleration/acceleration
stage optics as well as substrate handling components in the
ion implanter end-station, such as replacement end effectors
and FOUPs (Front Opening Unified Pods).

Various exemplary embodiments of the present teachings
are described below. The terms utilized in the description of
these embodiments have their ordinary meanings in the art.
The following terms are defined for further clarity:

The term “ribbon ion beam” as used herein refers to a beam
of'ions having an aspect ratio defined as the ratio of its largest
dimension (herein also referred to as the longitudinal dimen-
sion of the beam) to its smallest dimension (herein also
referred to as the transverse dimension of the beam), which is
atleast about 3, e.g., equal to or greater than 10, or equal to or
greater than 20, or equal to or greater than 30. A ribbon ion
beam can exhibit a variety of different cross-sectional pro-
files. For example, a ribbon ion beam can have a rectangular
or an elliptical cross-sectional profile.
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FIG. 1 schematically depicts an exemplary ribbon ion
beam having a longitudinal dimension (herein referred to also
as height) H and a transverse dimension (herein also referred
to as width) W. Without loss of generality, in the following
description of various embodiments of the invention, the
propagation direction of the ion beam is assumed to be along
the z-axis of a Cartesian coordinate system with the longitu-
dinal dimension along the y-axis and the transverse dimen-
sion along the x-axis. As discussed in more detail below, in
many embodiments, an analyzer magnet is employed to dis-
perse the ion beam in a plane perpendicular to the propagation
direction of the ion beam. This plane is herein referred to as
the dispersive plane. In the following embodiments, the dis-
persive plane corresponds to the xz plane. A plane perpen-
dicular to the dispersive plane is referred to as a non-disper-
sive plane. In the following embodiments, the non-dispersive
corresponds to the yz plane.

The term “current density” is used herein consistent with
its use in the art to refer to an electric current associated with
ions flowing through a unit area, e.g., a unit area perpendicu-
lar to the direction of propagation of the ions.

The term “current density profile” as used herein refers to
the ion current density of the beam as a function of location
along the beam. For example, the ion current density profile
along a longitudinal dimension of the beam refers to the ion
current density as a function of distance from a reference
point (e.g., an upper edge, or a lower edge, or a center of the
beam) along the ion beam’s longitudinal dimension, or an
electric current associated with ions flowing through a unit
length along the longitudinal dimension.

The term “substantially uniform current density profile”
refers to an ion current density profile that exhibits an RMS
variation of at most 5%.

With reference to FIGS. 2A, 2B, and 2C, an ion implanta-
tion system 10 according to an embodiment of the present
teachings includes an ion source 12 for generating a ribbon
ion beam, and a puller electrode 14 that is electrically biased
to facilitate extraction of the ion beam from the source. A
suppression electrode 16 is electrically biased to inhibit back
streaming of neutralizing electrons (e.g., electrons generated
via ionization of the ambient gas by the ion beam) to the
source, a focus electrode 18 is electrically biased to reduce
divergence of the ion beam, and a ground electrode 19 defines
the reference ground for the ion beam. An analyzer magnet 20
disposed downstream of the focus electrode 18 receives the
ribbon ion beam and generates a mass-selected ion beam.

In some embodiments, the source housing and the analyzer
magnet frame assembly can be electrically isolated from
ground potential. For example, they can be floated below
ground potential, e.g., by =30 kV. In some cases, the floating
voltage can be selected such than the ion beam is extracted
from the ion source and mass analyzed at a higher energy than
its energy at a substrate on which it is incident for implanting
ions therein. Alternatively, the ion beam can be extracted and
mass analyzed and subsequently accelerated to be incident on
the substrate at a higher energy.

The exemplary ion implantation system 10 further includes
a corrector system 22 for adjusting the current density profile
of the ion beam along at least a longitudinal dimension
thereof (e.g., in the non-dispersive plane of the ion beam) to
generate an output ribbon ion beam that exhibits a substan-
tially uniform current density profile along at least its longi-
tudinal dimension, as discussed in more detail below. Further,
the corrector system 22 can adjust the transverse size of the
ion beam, e.g., reduce the divergence of the ion beam along
the transverse dimension (e.g., in the dispersive plane), to
ensure that the output ion beam has a desired transverse size.
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In some embodiments, such as those discussed below, the
corrector system 22 can further provide deceleration/accel-
eration of the mass-selected ribbon ion beam. In this manner,
an output ribbon ion beam having a desired energy and a
substantially uniform current density profile can be obtained.
Without loss of generality, in the embodiments discussed
below, the corrector system 22 is also referred to as a decel-
eration/acceleration system. It should be understood, how-
ever, that in some embodiments, the corrector system 22 may
not provide any deceleration or acceleration of the ion beam.

The exemplary ion implantation system 10 further includes
an end-station 24, which includes a substrate holder 25 for
holding a substrate 26 in the path of the ribbon ion beam
exiting the corrector system 22. The output ribbon ion beam
is incident on the substrate to implant ions therein. In this
embodiment, the substrate holder can be scanned along one
dimension orthogonal to the propagation direction of the
beam in a manner known in the art to expose different parts of
the substrate to the ion beam for implanting ions therein. In
some embodiments, the longitudinal size of the ion beam is
greater than the diameter of the substrate such that a linear
movement of the substrate along a dimension perpendicular
to the propagation direction of the ion beam can result in the
implantation of ions across the entire substrate. The substan-
tial uniformity of the current density of the output ribbon ion
beam ensures that a uniform dose of the implanted ions is
achieved across the substrate.

A variety of different ion sources that are capable of gen-
erating a ribbon ion beam can be employed as the ion source
12. Some examples of ions sources that can generate a ribbon
ion beam are described in U.S. Pat. No. 6,664,547 entitled
“lon Source Ribbon Beam with Controllable Density
Profile,” and U.S. Pat. No. 7,791,041 entitled “Ion Source, Ion
Implantation Apparatus, and lon Implantation Method,”
which are herein incorporated by reference in their entirety.

The ion source 12 employed in this embodiment is
described in detail in co-pending patent applications assigned
to the assignee of the present application entitled “Ton
Source” and “Magnetic Field Sources For An Ion Source,”
which are filed concurrently with the present application and
are herein incorporated by reference in its entirety. Briefly,
with reference to FIGS. 3A, 3B, and 3C, this ion source can
include two opposed external electron guns 28/30 disposed at
the ends of a long, narrow, rectangular ionization chamber 32
(source body). Each electron gun can include an indirectly-
heated cathode (IHCs) 284/30a and an anode 285/3056. As
shown in FIG. 3C, a plasma electrode 34 in the form of a plate
contains an aperture shaped to allow ion extraction from the
source (e.g., the aperture can be a 450 mm by 6 mm slot). The
ion extraction is assisted by a puller electrode 36 of similar
shape as the plasma electrode and spaced apart from the
plasma electrode by one or more electrically insulating spac-
ers (not shown). In some embodiments, the puller electrode
36 can be biased relative to the source body and the plasma
electrode by up to =5 kV.

With reference to FIG. 3B, the source body is immersed in
an axial magnetic field generated by electromagnetic coil
assembly 38. In this embodiment, the coil assembly com-
prises three sub-coils, which are distributed along the long
axis of the source body and generate independent, partially
overlapping magnetic fields over the top, the middle and the
bottom of the source body. The magnetic field confines the
primary electron beams generated by the electron guns, thus
creating a well-defined plasma column along the axis of the
ionization chamber. The magnetic flux density generated by
each of the three coil segments can be independently adjusted
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to ensure that the current density of the extracted ion beam is
substantially free of non-uniformities.

With reference to FIG. 3C, five separate gas feeds 40a, 405,
40c¢, 404, and 40¢ distributed along the long axis of the source
body, each with its own dedicated mass flow controller
(MFCQ), can be utilized to adjust the ion density along the
plasma column. In this embodiment, the anodes and the cath-
odes of the electron guns, as well as the plasma electrode and
the puller electrode, are formed of graphite. The ionization
chamber is formed of aluminum and its inner surface is coated
with graphite.

The extracted ion beam can be analyzed by a retractable
beam profiler located in the ion source housing. By way of
illustration, FIG. 4 depicts beam current as a function of
vertical (longitudinal) position of a ribbon ion beam gener-
ated by a prototype of such an ion source. The current density
profile along the longitudinal dimension exhibits an RMS
non-uniformity of about 2.72%.

Referring again to FIG. 2A, in this embodiment, the ion
beam generated by the ion source 12 is extracted and accel-
erated to a desired energy (e.g., between 5 and 80 keV) prior
to entering the analyzer magnet 20. The analyzer magnet 20
applies a magnetic field to the ion beam in the non-dispersive
plane to separate ions having different mass-to-charge ratios
in the dispersive plane, thereby generating a mass-selected
beam with a waist in the dispersive plane at the focal plane of
the analyzer magnet. As discussed below, a variable size mass
resolving aperture 20a disposed near the beam waist allows
ions of a desired mass-to-charge ratio to pass downstream to
other components of the system, as discussed in more detail
below.

A variety of analyzer magnets known in the art can be
utilized. In this embodiment, the analyzer magnet has a
saddle coil design with a 600-mm pole gap, a bend angle of
approximately 90 degrees and a 950 mm bend radius, though
other pole gaps, bend angles and bend radii can also be
utilized. The variable size mass resolving aperture 20a dis-
posed allows ions of a desired mass-to-charge ratio to pass
downstream to the deceleration/acceleration system 22. In
other words, the analyzer magnet 20 generates a mass-se-
lected ribbon ion beam that is received by the deceleration/
acceleration system 22.

With continued reference to FIGS. 2A, 2B and 2C, the
deceleration/acceleration system 22 includes a slot 40 for
receiving the mass-selected ribbon ion beam. The slot 40 is
sufficiently tall to accommodate the longitudinal dimension
of'the ion beam, e.g., in some implementations the slot 40 is
600 mm tall, and has a transverse dimension (e.g., a dimen-
sion in the dispersive plane) that is continuously variable
within a selected range, e.g., between about 5 mm to about 60
mm.

A corrector device 42 is disposed downstream of the slot 40
for receiving the ribbon beam passing through the slot. In this
embodiment, as shown schematically in FIG. 5, the corrector
device 42 includes a plurality of spaced electrode pairs E1,
E2,E3,E4,E5, E6,E7,E8, E9, and E10 that are stacked along
a longitudinal dimension of the ion beam (i.e., along the
y-axis), where each electrode pair is individually electrically
biasable. More specifically, in this embodiment, a plurality of
electrostatic voltage sources V1,V2,V3,V4,V5,V6,V7,V8,
V9 and V10 apply independent voltages to each electrode pair
s0 as to generate an electric field with components along the
longitudinal dimension of the ribbon ion beam to locally
deflect one or more portions of the beam so as to adjust the
current density profile of the beam along the longitudinal
dimension. In this embodiment, such adjustment of the cur-
rent density profile is performed to enhance the uniformity of
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the ion beam’s current density along its longitudinal dimen-
sion (e.g., in the non-dispersive plane). The voltage source
V1,...,V10 can be independent voltages sources or can be
different modules of a single voltage source.

Each electrode pair comprises two electrodes, such as elec-
trodes Ela and E15, which are disposed substantially parallel
to a plane defined by the propagation direction of the beam
and its longitudinal dimension. The electrodes of the pairs are
separated to provide a transverse gap through which the ion
beam can pass. The number of electrode pairs can be selected,
e.g., based on the longitudinal size of the ion beam, the
resolution level required for correcting non-uniformities in
the longitudinal profile of the ion beam, the type of ions in the
beam, among other factors. In some embodiments, the num-
ber of electrode pairs can be, for example, in a range of about
10 to about 30.

A controller 44 in communication with the voltage sources
V1, ..., V10 can determine the voltages (e.g., electrostatic
voltages) to be applied to the electrode pairs of the corrector
device in a manner discussed in more detail below to locally
deflect one or more portions of the ion beam passing between
one or more of the electrode pairs by a selected angle, thereby
adjusting the current density of the ion beam along its longi-
tudinal dimension.

By way of example, FIG. 6 shows that three of the electrode
pairs E5, E6 and E7 are biased by application of electrostatic
voltages thereto such that the voltage applied to E6 is greater
than the voltages applied to E5 and E7 so as to generate the
electric field components shown by the arrows in the region
through which the shaded portion of the ion beam, which
exhibits a higher charge density than other portions of the
beam, passes (in this example, the other electrode pairs are
maintained at the ground potential). The electric field applied
to the shaded portion of the beam causes an upward deflection
of an upper segment of that portion and a downward deflec-
tion of a lower segment of that portion, thereby lowering the
charge density in that portion to improve the uniformity of the
current density profile along the longitudinal dimension.

With reference to FIG. 7A, in some embodiments, the
corrector device 42 can be configured to apply a transverse
electric field to the ion beam (i.e., an electric field with com-
ponents along the transverse dimension of the beam) so as to
cause a transverse deflection of the beam, e.g., to change the
propagation direction of the beam. More particularly, the
corrector device 42 can be configured such that each electrode
of'the electrode pairs is individually biasable. For example, in
this embodiment, voltage sources V1, . . ., V20 can apply
independent voltages (e.g., electrostatic voltages) to the elec-
trodes of the electrode pairs (see, e.g., voltage sources V1 and
V11 configured to apply independent voltages to the elec-
trodes Ela and E15 of the electrode pair E1), respectively.

By way of example, a potential difference between the
opposed electrode pairs of one or more electrodes can be
selected to provide local transverse deflection(s) of one or
more portions of the ion beam. For example, as shown in F1G.
7A, in this example, the voltage sources V2 and V12 apply
different voltages v2 and v12 to the electrodes Eta and E2b
(v12<v2) so0 as to cause a local deflection of a portion of the
ion beam passing between these two opposed electrodes
toward the electrode E25. Concurrently, the voltage sources
V4 and V14 apply different voltages v4 and v14 to the elec-
trodes Eda and E4b (v14>v4) so as to cause a local deflection
of a portion of the ion beam passing through these two
opposed electrodes toward the electrode Eda. In some
embodiments, the potential difference between two opposed
electrodes can be in a range of about 0V to about 4 kV.
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In some cases, the entire ion beam can be deflected trans-
versely, e.g., to change its direction of propagation, by apply-
ing one voltage to all of the electrodes on one side of the beam
and another voltage to all of the electrodes on the opposed
side.

With reference to FIGS. 7B and 7C, in some embodiments,
the corrector device 42 can be configured to deflect the entire
ion beam along the longitudinal dimension (i.e., vertically
along the y-axis). For example, as shown in FIG. 7C, the
controller 44 can cause the voltage sources V1, ..., V10 to
apply a voltage ramp to the electrode pairs E1, . . ., E10 to
generate an electric field having a component along the lon-
gitudinal dimension of the beam (shown schematically in
FIG. 7B by an arrow), which can cause a longitudinal deflec-
tion of the beam.

The controller 44 in communication with the voltage
source V1, . .., V20 can determine the voltages to be applied
to the electrodes, e.g., based on a desired local or global
deflection angle of the beam. The controller can determine the
requisite voltages, e.g., based on the electric charge of the
ions in the beam, a desired angle of deflection, in a manner
known in the art. In some cases, the controller can effect the
application of voltages to the electrodes of the electrode pairs
s0 as to provide both local transverse as well as longitudinal
deflection of the beam. For example, the voltage differences
between different electrode pairs can cause local longitudinal
deflections, e.g., in a manner discussed above in connection
with FIG. 6, while voltage difference between the electrodes
of the pairs can cause local transverse deflections.

With reference to FIG. 8A, in some embodiments, the
corrector device 42 can be configured to cause an oscillating
motion of the ion beam along its longitudinal dimension. A
waveform generator 100 under the control of the controller 44
can apply varying voltages to one or more of the electrode
pairs to cause a varying electric field with components along
the longitudinal dimension of the beam (along the y-axis),
which can in turn cause time-varying deflection of the beam.
In some cases, such time-varying deflection of the ion beam
can be in the form of periodic oscillation of the beam along its
longitudinal dimension. In some cases, the amplitude of such
an oscillation can be, e.g., in a range of about 10 mm to about
20 mm.

By way of example, the waveform generator can apply a
triangular voltage waveform to the electrode pairs E1, . . .,
E10, as shown schematically in FIG. 8B, to cause a periodic
oscillation of the beam along its longitudinal axis. Such “wig-
gling” of the ion beam can improve the dose uniformity of the
ions implanted into a substrate on which the beam is incident.
The frequency of the oscillations can vary based, e.g., on the
rate the substrate is moved relative to the incident ion beam.
In some embodiments, the oscillation frequency can be, e.g.,
in a range of about 1 Hz to about 1 kHz.

Referring again to FIGS. 2A, 2B and 2C, the deceleration/
acceleration system 22 further includes a deceleration/accel-
eration element 46 that is separated from a downstream focus-
ing element 48 to define a gap region 50 therebetween. The
deceleration/acceleration element 46 comprises two opposed
equipotential electrodes 46a and 465 that provide a channel
therebetween for passage of the ion beam. Similarly, the
focusing element 48 includes two equipotential opposed elec-
trodes 48a and 485 that provide a channel therebetween for
the passage of the ion beam.

The application of an electric potential difference between
the deceleration/acceleration element 46 and the focusing
element 48 generates an electric field in the gap region 50 for
decelerating or accelerating ions of the beam. The potential
difference between the deceleration/acceleration element and
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the focusing element can be selected based on a desired
change in the energy of the ions, the types of ions of the ion
beam, a particular application for which the ion beam is
utilized, among other factors, in a manner known to those
having ordinary skill in the art.

By way of example, in some implementations, an electric
voltage in a range of about 0 to about -30 (minus 30) kV, or
in a range of about 0 to about +30 kV, can be applied to the
deceleration/acceleration electrodes 46a4/465 and an electric
voltage in arange of about 0 to -5 (minus 5) kV canbe applied
to the focusing electrodes 48a/485.

With reference to FIG. 2C, in this embodiment, an
upstream face (UF) of one or both of the focusing electrodes
484a/485b is curved so as to generate electric field components
in the gap region for countering divergence of the ion beam in
the non-dispersive plane (e.g., along the longitudinal dimen-
sion of the beam). By way of illustration, FIG. 2C shows an
ion beam passing through the gap 50, which due to repulsive
space charge effects, exhibits divergence of ions in proximity
of'its longitudinal end points in the non-dispersive plane. The
curved profiles of the upstream ends of the focusing elec-
trodes 48a/48b can be configured to facilitate generating an
electric field pattern that would apply corrective forces to
such diverging ions to ensure substantially parallel propaga-
tion of the ions of the beam. By way of example, the upstream
end of the focusing electrode can have a generally concave
profile (when viewed from the upstream direction) with a
radius of curvature in a range of about 1 m to about 10 m.

Referring again to FIGS. 2A, 2B and 2C, the deceleration/
acceleration system 22 further includes an electrostatic bend
52 that is disposed downstream of the focusing element 48
and is separated therefrom by a gap 53. A potential difference
between the focusing element 48 and the electrostatic bend,
e.g., one or more electrodes of the bend, can generate an
electric field in the gap 53 for reducing divergence of the
ribbon ion beam along a transverse dimension thereof. In
other words, the gap between the focusing element 48 and the
electrostatic bend 52 functions as a focusing lens for reducing
divergence of the ion beam along its transverse dimension.
One or more voltage sources can be used to apply voltages to
the deceleration/acceleration element, and the focusing ele-
ment, e.g., under the control of the aforementioned controller
44, in a manner known in the art.

In this embodiment, the electrostatic bend 52 includes an
outer electrode 52a, and an opposed inner electrode 526 to
which different electric potentials can be applied to cause a
deflection of the ion beam as it passes through the transverse
gap separating these electrodes. By way of example, the
deflection angle of the ion beam can be in a range of about 10
degrees to about 90 degrees, e.g., 22.5 degrees.

In this embodiment, the electrostatic bend further includes
an intermediate electrode 52¢, which is disposed downstream
of the inner electrode 525 and is electrically isolated there-
from (e.g., via a gap) to allow application of a voltage thereto
that is independent of that applied to the inner electrode 525.
By way of example, in this embodiment, the outer electrode
524 and the intermediate electrode 52¢ are held at the same
electric potential. In some embodiments, a voltage applied to
the outer electrode 524 can be in a range of about 0 to about
-20 (minus 20) kV and the voltage applied to the inner elec-
trode 525 can be in a range of about -5 (minus 5) kV to about
-30 (minus 30) kV.

The outer electrode 524 includes an upstream portion (UP)
and a downstream portion (DP) disposed at an acute angle
relative to one another to impart a bent profile to the outer
electrode. The angle between the upstream and the down-
stream portions of the outer electrode can be selected based,
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e.g., on geometrical constraints, the transverse divergence of
the beam as it enters the deceleration/acceleration system,
among others. In this embodiment, the angle between the
upstream and the downstream portions of the outer electrode
is about 22.5 degrees. While in this embodiment the upstream
and the downstream portions integrally form the outer elec-
trode, in another embodiment the upstream and the down-
stream portions can be separate electrodes that are electrically
coupled to be equipotential.

As noted above, a potential difference between the outer
electrode 52a and the inner electrode 525 generates an elec-
tric field in the space between those electrodes for deflecting
the ions of the beam. The electrically neutral species (neutral
atoms and/or molecules) present in the ion beam, if any, are
not, however, deflected and continue to propagate along their
propagation direction as they had entered the electrostatic
beam. Consequently, these neutral species, or at least a por-
tion thereof, strike the downstream portion (DP) of the outer
electrode and are removed from the ion beam.

Another corrector device 54 for adjusting the current den-
sity of the ion beam along its longitudinal dimension (in the
non-dispersive plane) can be optionally disposed downstream
of'the electrostatic bend 52. In this embodiment, the corrector
device 54 has a structure similar to that of the upstream
corrector device 42. In particular, the corrector device 54
includes a plurality of spaced electrode pairs, such as the
electrode pairs depicted in FIG. 5 in connection with the
upstream corrector device 42, which are stacked along the
longitudinal dimension of the beam with each electrode pair
providing a transverse gap therebetween for passage of the
ion beam. Similar to the upstream corrector device 42, each
electrode pair of the second corrector device 54 can be indi-
vidually biasable via application of a voltage thereto, e.g., via
a plurality of voltages sources similar to the voltage sources
V1, ..., V10 depicted in FIG. 5 in connection with the
corrector device 42. In this manner, the second corrector
device 54 can locally deflect one or more portions of the ion
beam, if needed, to further improve the uniformity of the
current density of the ion beam along its longitudinal dimen-
sion. In this manner, the two corrector devices 42 and 54
cooperatively ensure that the ribbon ion beam exiting the
deceleration/acceleration system 22 exhibits a high degree of
current density uniformity along its longitudinal dimension.

The controller 44 discussed above is also in communica-
tion with the voltage sources applying voltages to the elec-
trode pairs of the second corrector device 54. The controller
can determine the voltages to be applied to the electrode pairs,
e.g., in a manner discussed in more detail below, and can
cause the voltage sources to apply those voltages to the elec-
trode pairs.

Similar to the upstream corrector device 42, the second
downstream corrector device 54 can be configured to cause a
transverse deflection of the beam and/or an oscillating motion
of the beam along its longitudinal dimension in a manner
discussed above. Further, the downstream corrector device 54
can also be configured to cause a longitudinal (vertical)
deflection of the entire beam, e.g., in a manner discussed
above in connection with the upstream corrector device 42.

As noted above, in this embodiment, the outer electrode
524 and the intermediate electrode 52¢ are held at the same
potential This can ameliorate, and preferably prevent, any
disturbance of the ion beam due to undesired components of
the electric field as it passes through the gap between the
electrostatic bend and the second corrector device.

In this embodiment, the electrode pairs of the downstream
second corrector device 54 are staggered along the longitu-
dinal dimension of the ion beam relative to the electrode pairs
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of the upstream corrector device 42. In other words, each
electrode pair of the corrector device 54 is offset vertically
(i.e., along the longitudinal dimension of the ion beam) rela-
tive to a respective electrode pair of the upstream corrector
device 42. Such an offset can be, e.g., half of the longitudinal
height ofthe electrodes of the corrector devices (half'the pixel
size). In this manner, the corrector device 42 and 54 can cause
local deflection of the various portions of the ion beam at a
finer resolution, e.g., a resolution corresponding to half the
pixel size.

In this embodiment, the corrector devices 42 and 54 are
well separated from one another to limit the voltages applied
to their electrode pairs to less than about 2 kV, which can
improve the stability of operation of the corrector devices and
can also allow close packing of the electrode pairs along the
longitudinal dimension.

While in this embodiment two corrector devices are
employed, in other embodiments only a single corrector
device can be employed to improve the uniformity of the
current density of the ion beam along its longitudinal dimen-
sion, e.g., either the corrector device 42 or the corrector
device 54 can be utilized. For example, in some embodiments
in which the ion beam received from the analyzer magnet is
decelerated, only the downstream corrector device 54 may be
employed.

With continued reference to FIG. 2A as well as FIGS. 2B
and 2C, another focusing element 56 is optionally disposed
downstream of the second corrector device 54 and is sepa-
rated therefrom by a gap 58. Similar to the upstream focusing
element 48, the second focusing element 56 includes a pair of
opposed electrodes 56a and 565 that provide a channel ther-
ebetween for the passage of the ion beam. An electric poten-
tial difference between one or more electrode pairs of the
second corrector device 54 and the second focusing elec-
trodes 56a/56b can result in an electric field within the gap 58,
which can reduce divergence of the ion beam along its trans-
verse dimension as the beam passes through the gap.

In some embodiments, the voltage applied to the focusing
electrode 56a and 565 can be in a range of about 0 to about
-10 (minus 10) kV.

The system further includes a grounded element 60, which
has a pair of opposed electrically grounded electrodes 60a
and 605 that are disposed downstream of the second focusing
electrodes 564 and 565 and are separated therefrom to form a
gap 62. The opposed grounded electrodes 60a and 605 form
an electrically grounded duct through which the ion beam
exits the deceleration/acceleration system toward the end sta-
tion 24.

In some embodiments, the deceleration/acceleration sys-
tem 22 lacks the second corrector device 54 and the second
focusing element 58.

The electrical potential difference between the focusing
electrodes 56a and 565 and the grounded electrodes 60a and
605 results in the generation of electric field components
within the gap 62, which can reduce divergence of the ion
beam along its transverse dimension as the ion beam passes
through the gap. Further, in this embodiment, the upstream
faces (edges) of the electrodes 60a and 605 are curved, e.g.,
similar to the upstream faces (edges) of the electrodes 48a/
48b, to reduce divergence of the beam along its longitudinal
dimension. Hence the lens gaps 58 and 62 collectively pro-
vide a second focusing lens for reducing divergence of the ion
beam along its transverse and longitudinal dimensions.

In many embodiments, the output ribbon ion beam that
exits the deceleration/acceleration system exhibits a current
density profile along its longitudinal dimension with an RMS
non-uniformity of equal to or less than about 5%, or equal to
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or less than about 4%, or equal to or less than about 2%, and
preferably less than about 1%. Such a ribbon beam can have
a longitudinal length that is greater than a diameter of a
substrate on which it is incident (e.g., greater than about 300
mm or greater than about 450 mm). Thus, a linear motion of
the substrate along a transverse dimension can result in
implantation of a substantially uniform dose of ions in the
substrate.

In some embodiments, the output ribbon ion beam can be
employed to implant an ion dose in a range of about 10* to
about 10'® cm™ in a substrate. In some such embodiments,
the current of the ribbon ion beam incident on the substrate
can be, e.g., in a range of about a few tens of microamperes
(e.g., about 20 microamperes) to about a few tens of milliam-
peres (e.g., about 60 milliamperes), e.g., ina range of about 50
microamperes to about 50 milliamperes or in a range of about
2 milliamperes to about 50 milliamperes.

In some embodiments, the voltages applied to the corrector
devices 42 and 54 can be determined in the following manner.
The current density of the ribbon mass-selected ion beam
exiting the analyzer magnet 20 (herein also referred to as the
uncorrected ion beam) can be initially measured. This can be
achieved, e.g., by passing the uncorrected ion beam through
the deceleration/acceleration system 22 with voltages applied
only to the electrodes of the electrostatic bend to steer the
beam substantially undisturbed to the end-station.

A current measuring device disposed in the end-station can
be utilized to measure the current density profile of the uncor-
rected ion beam. By way of example, FIG. 9 schematically
depicts a profiler 102 retractably disposed in the end station
24 of the ion implantation system. A variety of beam current
profilers can be employed. For example, in some embodi-
ments, the beam current profiler can include an array of
Faraday cups to measure the current profile of the beam as a
function of height. In other embodiments, the beam profiler
can include a current-measuring plate that can be moved
across the beam. The beam profiler is in communication with
the controller 44 to provide information regarding the current
profile of the beam along its longitudinal dimension. The
controller 44 can employ this information to determine the
requisite voltages to be applied to the corrector devices and/or
other elements (e.g., focusing elements). For example, the
controller can employ this information to determine the volt-
ages to be applied to the electrode pairs of the corrector
devices to improve the uniformity of the ion beam’s current
density profile along its longitudinal dimension.

By way of example, FIG. 10 A shows a histogram depicting
ion current of a simulated uncorrected phosphorous ion beam
having an energy of 40 keV and a total current of 30 mA in a
number of height bins. This histogram shows localized non-
uniformity of the current density of the ion beam relative to a
uniformity window. In this example, the uncorrected beam
exhibits an RMS variation of about 12.7% in the ion current in
different height bins.

Referring again to FIG. 9, the controller 44 can receive the
information regarding the current density profile of the uncor-
rected beam (e.g., the information depicted in above histo-
gram) from the beam profiler 102 and can utilize that infor-
mation to determine the voltages to be applied to the electrode
pairs of one of the corrector devices (e.g., in the example
described in connection with FIGS. 10A, 10B, and 10C the
downstream corrector device 54 was initially configured) to
provide a first correction of the current density of the ion
beam along its longitudinal dimension.

In some embodiments, the controller can compare the mea-
sured current in each height window with a reference value. If
the difference between the measured current and the refer-
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ence value exceeds a threshold, e.g., 1 or 2 percent, the con-
troller can effect one or more voltage sources to apply volt-
ages to one or more electrode pairs between which the beam
portion corresponding to that height window passes so as to
bring the current in that portion closer to the reference value.
As discussed in detail above, this can be achieved by causing
local deflection(s) of the beam along its longitudinal dimen-
sion.

By way of example, the controller can cause the voltage
sources coupled to the electrode pairs of the second corrector
device 54 to apply the voltages shown in FIG. 10B to the
electrode pairs in order to defocus the ion beam at its center
and to focus the beam at its upper edge. For example, voltages
can be applied to the electrodes between which the portion of
the ion beam corresponding to the 60-90 mm height window
passes to lower the current density in this portion. In this
manner, the uniformity of the current density of the beam can
be improved.

The current density profile of the partially corrected ion
beam subject to the correction by one of the corrector devices
(e.g., in this example the downstream corrector device) can
then be measured, e.g., in a manner discussed above in cor-
rection with measuring the current density of the uncorrected
ion beam.

By way of example, the histogram shown in FIG. 10B
depicts the simulated ion current as function of height win-
dows along the longitudinal dimension of an ion beam
obtained by using only the second corrector device to
improve the current density of the uncorrected beam shown
above in FIG. 10A. This partially corrected ion beam exhibits
an RMS deviation of the beam current of about 3.2% within
the uniformity window (an improvement relative to the
12.5% variation exhibited by the uncorrected beam).

Referring again to FIG. 9, the controller 44 can receive the
information regarding the current density profile of the par-
tially corrected ion beam to determine voltages to be applied
to the electrode pairs of the upstream corrector device 42 to
further enhance the uniformity of the beam profile. In other
words, the upstream corrector device can provide a fine cor-
rection of the beam profile.

By way of example, FIG. 10C shows the voltages that can
be applied to the first corrector device 42 to further enhance
the uniformity of the beam profile within the uniformity win-
dow. This figure also presents a histogram that depicts the
simulated profile of the ion beam’s current when both the first
and the second corrected devices 42 and 54 are employed to
correct the non-uniformities of the uncorrected beam whose
profile is depicted in FIG. 10A. This histogram shows that the
combined corrective effects of the two corrector devices
result in current density profile with an RMS deviation of the
ion current within the uniformity window of about 1.2%. In
other words, in this example, the combined corrective effects
of'the two corrector devices result in about an order of mag-
nitude improvement in the uniformity of the ion beam’s cur-
rent density profile along the longitudinal dimension.

In other embodiments, the upstream corrector device 42
can first be configured to provide a coarse correction of the
current density profile of the ribbon beam exiting the mass
analyzer and the downstream corrector device 54 can then be
configured to provide a finer correction of the beam’s current
density profile.

As discussed above, the deceleration/acceleration system
22 can be configured in a variety of different ways. By way of
example, in some embodiments, the deceleration/accelera-
tion voltages can be set to zero such that the system 22
functions only as a corrective system without causing accel-
eration and/or deceleration of the ions in the beam.
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An ion implantation system according to the present teach-
ings can be employed to implant a variety of ions in a variety
of substrates. Some examples of ions include, without limi-
tation, phosphorous, arsenic, boron, molecular ions, such as
BF,, B H,* and C,H.*. Some examples of substrates
include, without limitation, silicon, germanium, epitaxial
(such as polysilicon-coated) wafers, silicon-on-insulator (SI-
MOX) wafers, ceramic substrates such as SiC or SiN, solar
cells, and substrates used in producing flat panel displays.
Some examples of substrate shape include circle, square or
rectangle.

Those having ordinary skill in the art will appreciate that
various changes can be made to the above embodiments with-
out departing from the scope of the invention.

What is claimed is:

1. A system for changing an energy of a ribbon ion beam,
comprising:

a mass resolving aperture disposed downstream of an ana-
lyzer magnet to receive a mass dispersed ribbon ion
beam and to allow passage of a portion of said received
ion beam so as to generate a mass-selected ribbon ion
beam,

a corrector device configured to receive the mass-selected
ribbon ion beam and to adjust a current density profile of
the ion beam along a longitudinal dimension thereof,

at least one deceleration/acceleration element defining a
deceleration/acceleration region for decelerating or
accelerating the ion beam as the ion beam passes there-
through,

a focusing lens disposed downstream of said mass resolv-
ing aperture for reducing divergence of the ion beam
along a transverse dimension thereof, and

an electrostatic bend disposed downstream of said decel-
eration/acceleration region to cause a deflection of the
ion beam.

2. The system of claim 1, wherein said corrector device

comprises:

a plurality of spaced electrode pairs stacked along the
longitudinal dimension of the ion beam with the elec-
trodes of each pair spaced apart to form a gap for passage
of the ion beam therethrough,

wherein said electrode pairs are configured to be individu-
ally biasable by application of electrostatic voltages
thereto for locally deflecting the ion beam along said
longitudinal dimension.

3. The system of claim 2, wherein said electrode pairs
comprise plate electrodes disposed substantially parallel to a
plane formed by a propagation direction of the ion beam and
said longitudinal dimension thereof.

4. The system of claim 2, further comprising at least one
voltage source for applying said electrostatic voltages to said
electrode pairs of the corrector device.

5. The system of claim 4, further comprising a controller in
communication with said at least one voltage source for con-
trolling application of said electrostatic voltages to said elec-
trode pairs.

6. The system of claim 5, wherein said controller is con-
figured to instruct said voltage source to apply electrostatic
voltages to said electrode pairs to locally deflect at least a
portion of ions of the ion beam so as to form a substantially
uniform current density profile along said longitudinal
dimension of the ion beam.

7. The system of claim 5, wherein said controller is con-
figured to determine said electrostatic voltages for applica-
tion to said electrode pairs of the corrector device based on a
measured current density profile of said received ribbon ion
beam.
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8. The system of claim 1, wherein said focusing lens com-
prises at least one focusing element.

9. The system of claim 8, wherein said at least one focusing
element comprises a pair of electrodes spaced to form a gap
for receiving the ion beam.

10. The system of claim 5, wherein said controller is con-
figured to apply temporally varying voltages to said electrode
pairs.

11. The system of claim 5, wherein said controller is con-
figured to temporally change electric voltages applied to said
electrode pairs of the corrector device so as to cause oscillat-
ing motion of the ion beam along said longitudinal dimen-
sion.

12. The system of claim 11, wherein said controller applies
alternating linearly increasing and linearly decreasing volt-
ages to said electrode pairs of the corrector device along said
longitudinal dimension to cause said oscillating motion of the
ion beam.

13. The system of claim 11, wherein said controller causes
oscillating motion of the ion beam with an amplitude equal to
or less than about 20 mm.

14. The system of claim 13, wherein said controller causes
oscillating motion of the ion beam with an oscillation fre-
quency in a range of about 1 Hz to about 1 kHz.

15. The system of claim 1, wherein said electrostatic bend
comprises an inner electrode and an opposed outer electrode
held at different electric potentials so as to cause a deflection
of the ion beam.

16. The system of claim 15, wherein said electrostatic bend
further comprises an intermediate electrode disposed down-
stream of said inner electrode and opposed to said outer
electrode, wherein said inner electrode and said intermediate
electrode are configured for application of independent elec-
tric potentials thereto.

17. The system of claim 16, wherein said outer electrode
and said intermediate electrode are held at the same electric
potential.

18. The system of claim 15, wherein said outer electrode
comprises an upstream portion and a downstream portion
disposed at an angle relative to one another such that said
downstream portion is capable of capturing at least a portion
of neutral species present in the ion beam.

19. The system of claim 18, wherein said upstream and said
downstream portions integrally form said outer electrode.

20. The system of claim 1, further comprising another
corrector device disposed downstream of said electrostatic
bend, said another corrector device being configured to adjust
a current density profile of the ion beam along said longitu-
dinal dimension.

21. The system of claim 20, wherein said another corrector
device comprises:

a plurality of spaced electrode pairs stacked along the
longitudinal dimension of the ion beam with the elec-
trodes of each pair spaced apart to form a gap for passage
of the ion beam therethrough,

wherein said electrode pairs are configured to be individu-
ally biasable by application of electrostatic voltages
thereto for locally deflecting the ion beam along said
longitudinal dimension.

22. The system of claim 21, wherein the electrode pairs of
said corrector devices are staggered relative to one another
along the longitudinal dimension of the ion beam.

23. A system for changing an energy of a ribbon ion beam,
comprising:

a corrector device configured to receive a ribbon ion beam

and to adjust a current density profile of the ion beam
along a longitudinal dimension thereof,
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at least one deceleration/acceleration element defining a
deceleration/acceleration region for decelerating or
accelerating the ion beam as the ion beam passes there-
through,

a focusing lens for reducing divergence of the ion beam
along a transverse dimension thereof,

an electrostatic bend disposed downstream of said decel-
eration/acceleration region to cause a deflection of the
ion beam,

wherein said focusing lens comprises at least one focusing
element, and

wherein said at least one focusing element and said at least
one deceleration/acceleration element are disposed rela-
tive to one another to form a gap therebetween and are
held at different electric potentials such that a passage of
the ions through said gap causes deceleration or accel-
eration of the ions.

24. A system for changing an energy of a ribbon ion beam,

comprising

a corrector device configured to receive a ribbon ion beam
and to adjust a current density profile of the ion beam
along a longitudinal dimension thereof,

at least one deceleration/acceleration element defining a
deceleration/acceleration region for decelerating or
accelerating the ion beam as the ion beam passes there-
through,

a focusing lens for reducing divergence of the ion beam
along a transverse dimension thereof, and

an electrostatic bend disposed downstream of said decel-
eration/acceleration region to cause a deflection of the
ion beam,

wherein said focusing lens comprises at least one focusing
element,

wherein said at least one focusing element comprises a pair
of electrodes spaced to form a gap for receiving the ion
beam, and

wherein said at least one of said pair of electrodes of the
focusing element comprises a curved upstream end face
configured to reduce divergence of the ion beam along
said longitudinal dimension.

25. A system for changing an energy of a ribbon ion beam,

comprising:

a corrector device configured to receive a ribbon ion beam
and to adjust a current density profile of the ion beam
along a longitudinal dimension thereof,

at least one deceleration/acceleration element defining a
deceleration/acceleration region for decelerating or
accelerating the ion beam as the ion beam passes there-
through,

a focusing lens for reducing divergence of the ion beam
along a transverse dimension thereof, and

an electrostatic bend disposed downstream of said decel-
eration/acceleration region to cause a deflection of the
ion beam,

wherein said focusing lens comprises at least one focusing
element, and

wherein said at least one deceleration/acceleration element
is disposed downstream of said corrector device and said
at least one focusing element is disposed downstream of
said deceleration/acceleration element.

26. The system of claim 25, wherein said focusing element
is disposed relative to at least one electrode of said electro-
static bend to form a gap therewith, wherein said focusing
element and said at least one electrode of the bend are held at
different electric potentials to generate an electric field in the
gap adapted to reduce divergence of the ion beam along said
transverse dimension.
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27. A system for changing an energy of a ribbon ion beam,
comprising:

a corrector device configured to receive a ribbon ion beam
and to adjust a current density profile of the ion beam
along a longitudinal dimension thereof,

at least one deceleration/acceleration element defining a
deceleration/acceleration region for decelerating or
accelerating the ion beam as the ion beam passes there-
through,

a focusing lens for reducing divergence of the ion beam
along a transverse dimension thereof, and

an electrostatic bend disposed downstream of said decel-
eration/acceleration region to cause a deflection of the
ion beam,

another corrector device disposed downstream of said elec-
trostatic bend, said another corrector device being con-
figured to adjust a current density profile of the ion beam
along said longitudinal dimension,

another focusing lens disposed downstream of said another
corrector device for reducing divergence of the ion beam
along said transverse dimension.

28. The system of claim 27, further comprising an electri-
cally grounded element disposed downstream of said another
focusing lens.

29. The system of claim 28, wherein said another focusing
lens comprises at least one focusing element disposed relative
to said grounded element to form a gap therewith, wherein an
electric potential difference between said focusing element of
said another focusing lens and said grounded element gener-
ates an electric field in the gap for reducing divergence of the
ion beam along the transverse dimension.

30. The system of claim 28, wherein said electrically
grounded electrode comprises a pair of electrodes spaced
apart to allow passage of the ion beam therebetween.

31. An ion implantation system, comprising:

an ion source adapted to generate a ribbon ion beam,

an analyzer magnet for receiving the ribbon ion beam and
separating ions of the ion beam having different mass-
to-charge ratios in dispersive plane,

a mass resolving aperture disposed downstream of said
analyzer magnet to allow passage of a portion of said
separated ions so as to generate a mass-selected ribbon
ion beam,

a corrector system configured to receive the mass-selected
ribbon ion beam and to adjust a current density profile of
the ion beam along its longitudinal dimension to gener-
ate an output ribbon ion beam having a substantially
uniform current density profile along said longitudinal
dimension, and

a focusing lens disposed downstream of said mass resolv-
ing aperture for reducing divergence of the ion beam
along a transverse dimension thereof.

32. The ion implantation system of claim 31, wherein said

corrector system is further configured to decelerate or accel-
erate ions of said received mass-selected ion beam so as to
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generate a decelerated/accelerated output ribbon ion beam
having a substantially uniform current density profile along
said longitudinal dimension.

33. The ion implantation system of claim 31, wherein said
corrector system generates an output ribbon ion beam that
exhibits a current density profile along said longitudinal
dimension with an RMS non-uniformity of less than about
5%.

34. The ion implantation system of claim 31, wherein said
corrector system generates an output ribbon ion beam that
exhibits a current density profile along said longitudinal
dimension with an RMS non-uniformity of less than about
4%.

35. The ion implantation system of claim 31, wherein said
corrector system generates an output ribbon ion beam that
exhibits a current density profile along said longitudinal
dimension with an RMS non-uniformity of less than about
3%.

36. The ion implantation system of claim 31, wherein said
corrector system generates an output ribbon ion beam that
exhibits a current density profile along said longitudinal
dimension with an RMS non-uniformity of less than about
2%.

37. The ion implantation system of claim 31, wherein said
corrector system generates an output ribbon ion beam that
exhibits a current density profile along said longitudinal
dimension with an RMS non-uniformity of less than about
1%.

38. The ion implantation system of claim 31, wherein said
corrector system further comprises a focusing lens for reduc-
ing divergence of the ribbon ion beam along a transverse
dimension thereof.

39. The ion implantation system of claim 31, wherein said
corrector system is configured to remove at least a portion of
neutral species present in said mass-selected ion beam.

40. The ion implantation system of claim 31, further com-
prising an end-station for holding a substrate, wherein said
output ribbon ion beam propagates to said end-station to be
incident on said substrate.

41. The ion implantation system of claim 31, wherein said
corrector system is configured to adjust a propagation direc-
tion of the ion beam such that said output ribbon ion beam is
incident on a surface of the substrate along a direction form-
ing a desired angle with the substrate surface.

42. The ion implantation system of claim 31, wherein said
corrector system causes an oscillating motion of the ion beam
s0 as to improve dose uniformity of ions implanted by said
output ribbon beam in said substrate.

43. The ion implantation system of claim 31, wherein said
corrector system comprises at least one corrector device for
adjusting a current density profile of the ion beam along said
longitudinal dimension.

44. The ion implantation system of claim 31, wherein said
corrector system further comprises an electrostatic bend for
changing a propagation direction of the ion beam.
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